th birthday.
The plant cuticle is the outer extracellular layer that covers all primary plant organs with the exception of roots. It is a natural composite consisting of two hydrophobic components, the biopolymer cutin and several lipophilic compounds, which are collectively called waxes.
The general structure of cutin is based on the repetitive sequence of fatty acid monomers, esterified by primary hydroxyl groups. Branching and crosslinking by ester-bonds at secondary hydroxyl groups and non-ester-bonds yield a three-dimensional network [1] . The second major hydrophobic constituent of the cuticle, the waxes, are either embedded into the cutin matrix or deposited as epicuticular waxes onto the surface, where they are involved with several biotic and abiotic environmental interactions. Epicuticular waxes cause the glaucousness of plant surfaces as a white or bluish appearance, e.g. of several fruits such as grapes and plums, or leaves of cabbage. Waxes often form complex three-dimensional crystalline microstructures [2] [3] [4] . Their different wax morphologies are useful characteristics in plant systematics, since particular surface wax types are restricted to certain taxa [5, 6] .
This article summarizes the current knowledge on epicuticular waxes, in particular the coherence between chemistry and morphology, self-assembly and their multiple functions. For a comprehensive overview of other aspects of cuticular waxes, the reader is refered to the recently published book "Biology of the plant cuticle" by Riederer and Müller [7] .
Chemical composition of epicuticular waxes
For more than 50 years the chemical composition of the waxes has been studied intensively, and the wax composition of several plant species has been described [8, 9] . Plant waxes are complex mixtures of aliphatic and cyclic components, contrasting the classical definition of wax as long chain alkyl esters. Most waxes resemble derivatives of n-alkanes and acyl chains, with a chain length of C20 to C35 [10] .
Substitutions by functional groups (-hydroxyl, carboxyl, -ketoyl) at the terminal position broaden the spectrum to fatty acids, primary alcohols, and aldehydes, while substitution at mid-chain positions gives ß-diketones and secondary alcohols [2, 11, 12] . A few waxes contain polymeric aldehydes as described for waxes of sugar cane leaves (Saccharum officinarum Salisb.), rice (Oriza sativa L.) and traps of the pitcher plant (Nepenthes alata Blanco) [13, 14] .
The exudates of some ferns and angiosperms, in particular several members of the Primulaceae (Figure 1) , are composed by flavonoids [15] [16] [17] [18] [19] [20] . Eckhard Wollenweber, to whom this article is dedicated, published more than 200 articles on flavonoid exudates of plants and suggested the terms "farina" or "farinose" for the flavonoid exudates, due to their chemical divergence from plant waxes composed of aliphatic components [15, 21] . Thus, cuticular wax composition is subject to great variation, either among plant species or during organ ontogeny. Moreover, it has been proven for some species that intracuticular waxes are chemically different from epicuticular ones [22] .
Morphology of epicuticular waxes
During the last 30 years cuticular surfaces of plants have been intensively investigated by scanning electron microscopy (SEM). These studies revealed an incredible microstructural diversity of epicuticular waxes. Waxes often form complex three-dimensional crystalline microstructures such as platelets, rods, and tubules. Barthlott et al. [5] , and Jeffree [6] present a broad overview about the morphology and terminology of plant epicuticular wax types. These crystals usually range from 0.2 through 100 micrometers and frequently appear together with an underlying wax film, hardly visible by SEM [23] [24] [25] .
Recently, in vivo high resolution atomic force microscopy (AFM) investigations visualized real time formation of the underlying wax film on living plant surfaces, as well as a layered structure of several molecular layers [26] . The farina exudates, e.g. of Primula palinuri Petagana, often form dense assemblages of narrow rodlets ( Figure 2 ). Despite the great variability in morphology and chemistry, epicuticular waxes often consist of a single predominating constituent or compound class that determines the characteristic morphology. The coherence between chemistry and morphology is well documented for wax tubules and some wax platelets. Wax tubules can be distinguished in two chemically and morphologically different groups. The first type ( Figure 3a ) contains high amounts of secondary alcohols, predominantly 10-nonacosanol and its homologues [27] [28] [29] . The second type (Figure 3b ) of tubules contains high amounts of ß-diketones, such as hentriacontan-14,16-dione [30] [31] [32] . Tubules based on secondary alcohols are usually shorter than the ß-diketone tubules [9, 23] .
Wax platelets are found in all major groups of higher plants [6] . They vary considerably in shape, chemical composition and spatial pattern [5, 9] . In some species the wax platelets are dominated by a high amount of triterpenoids, e.g. in Sedum rupestre L. (Crassulaceae) [33] , whereas platelets found in the Poaceae (Figure 3c ) are dominated by primary alcohols, and probably represent the most common type [34] [35] [36] . Other wax platelets are chemically However, it is important to notice that the morphology of three-dimensional wax structures is not necessarily determined by the dominating chemical compound or compound class. An example of a genus with a very complex wax crystal morphology is Brassica (Figure 3d ), in which different wax types arise from the presence of several dominant wax compounds [23, 27] .
Transport of epicuticular waxes compounds
How are waxes transported from their biosynthetic site inside the cells, through the plasma membrane, cell wall and finally through the cuticle? Both, the pathways and mass transport of cuticular lipids are still subjects of discussion [11, 38] . Recently, an ATP binding cassette (ABC) transporter, known as lipid transporters in the peroxisome membrane in human cells, was characterized in the Arabidopsis mutant cer5 [39] . The ABC transporter proteins were associated with the plasma membrane (PM) and thus, were proposed to facilitate transport from the cytosol through the PM. Another protein family called lipid transfer proteins (LTPs) has also been associated with translocation of cuticular constituents [40, 41] .
However, their precise function in lipid transport is not yet clear.
The transport across the cuticular membrane itself is explained by a mechanistic diffusion model of two parallel pathways. In this model a lipophilic pathway for lipids and aqueous pores for polar molecules exists [42] [43] [44] . In this model, water molecules move through both pathways. Wax molecules are assumed to be co-transported with the evaporating water molecules, similar to steam distillation in chemistry [45] . Many aspects of wax precursor transport inside the cell plasma as well as across the cell wall and cuticle are still hypothetical and have not been proven by experiments. In contrast to the waxes, the flavonoid exudates, e.g. of some ferns, are secreted by glandular trichomes [16] .
Self-assembly of epicuticular waxes
It is generally established that the various epicuticular wax crystal morphologies result from self-assembly processes, mainly based on the chemical composition of the waxes. Evidence for this was found by recrystallization studies of waxes, extracted by organic solvents and recrystallized on technical substrates. Most of the described wax types recrystallized in similar morphologies as found on the plant surface [23, 28, 29, 36] . However, only few data on the dynamic process of self-assembly exist so far. First, in vivo investigations of plant surfaces by Atomic Force Microscopy (AFM) revealed the selfassembly of plant waxes [26, 46] . In these studies the very early formation stages of both the background wax layer and the three-dimensional wax crystals have been shown at a resolution down to the molecular level. AFM time-series images showed the expansion of mono-and bimolecular wax films and the growth of three-dimensional wax crystals after partial removal of the epicuticular waxes. They also provided the first evidence of a crystal growth mechanism in which the growing crystals add additional wax material to their distal ends [46] .
Recrystallization of extracted waxes from Triticum aestivum 'Naturastar' leaves on technical substrates showed that substrate characteristics (e.g. polarity, order) may influence the self-assembly processes. Such molecular interactions might lead to a template effect, i.e. the substrate organizes the assembly of the molecules in a specific spatial arrangement and, thus the formation of wax crystals. The role of the plant cuticle in spatial arrangement of wax crystals, as observed in Convallaria majalis L. leaves, is still unclear. AFM studies of wax regeneration on living plant surfaces indicate that the cuticle might resemble a template for the arrangement of the first wax layers to grow [46] . These primary layers might then provide a template for the consecutive formation of three-dimensional waxes [36] .
Functions of (epi-)cuticular waxes
Waxes, especially the intracuticular waxes, have been shown to be largely responsible for the barrier properties of the plant cuticle [47] . This includes the control of water loss [44] , as well as uptake and leaching of volatiles [48] . Epicuticular waxes as direct plant interfaces show multifunctional properties. They are hydrophobic and often formed as three-dimensional microstructures, whereby the surface of many plant species becomes water repellent (hydrophobic).
Superhydrophobicity of plant surfaces is achieved by sculptured epidermal cell morpholgy in addition to the fine wax projections [49] . On such surfaces, water forms spherical droplets due to their surface tension and the wax crystals reduce dramatically both the contact area and the surface adhesion. As a result, water droplets roll off easily at low inclination. During roll-off water droplets pick up dirt particles from the surface, and in this way dust or microorganisms are removed from the plant surface effectively. Again, minimization of contact area and surface adhesion is the clue, i.e. between the particles and the surface [50] . Explanations for the evolution of such a self-cleaning surface may be avoidance of inhibitory effects of inorganic contaminations on plants, as well as pathogen colonization. Pathogens as fungi and bacteria are usually deposited on leaves as spores, transported either via rain or air. Self-cleaning prevents pathogens from establishing themselves on the plant surface, since they are washed off with each rainfall. The self-cleaning effect depends only on the physical and chemical properties of the plant surfaces [51] and, thus, this effect can be transferred onto technical surfaces, such as façade paints, ceramics, and glass. The efficiency of self-cleaning plant surfaces and their technical counterparts was evaluated by Fürstner et al. [52] .
The fine structure of the wax projections also plays a role in the attachment of insects on the plant surface, such as by providing a slippery surface for the traps of the carnivorous genus Nepenthes alata Blanco [53] . Additionally, on slippery ant-plants the epicuticular coatings of Macaranga species (Euphorbiaceae) have a selective function and protect the specific plant-associated ants against competitors [54, 55] .
The cuticle and its waxes also influence light reflectance and absorption in the visible (400-700 nm) and infrared (700-3000 nm) spectra [56] .
Harmful ultraviolet radiation (280-400nm) appears to be attenuated by phenols, in particular by cinnamic acids and by lipoidic flavonoids associated with the cuticular matrix or with the cuticular waxes [57] .
Glaucous leaves of some succulent species, e.g.
Dudleya brittonii
Johansen reflect up to 83 % of the UV radiation [58] , while most of the epicuticular waxes are ineffective in UV reflection.
In summary, the epicuticular waxes represent the outer plant coverage, where they appear very often as highly diverse composite microstructures resulting from self-assembly processes. They exhibit several functional properties determined by their structure, hydrophobic nature and complex chemical composition. Future studies, for example on single wax crystal chemical composition, regulation of wax biosynthesis or self-assembly processes, will provide a deeper understanding of the plant boundary layer.
